Topicalities in Experimental Search
for Hot and Dense Partonic Matter



- Presentation Outline -

+ physics goals of relativistic heavy ion programs

+ achieved programs at BNL-RHIC
= Au+Au, d+Au and p+p up to Vs, = 200 GeV
= hadron suppression at high p, (jet quenching)
= modification of angular correlations
+ ongoing/near-future programs at BNL-RHIC

= high statistics Au+Au (and p+p)
= heavy quark states (color Debye screening)
= low-mass dileptons (chiral restoration)
= direct photons (thermal radiation)

= more systematics with A and energy scans

+ future programs at CERN-LHC
= strategies, expectations and ongoing activities

A
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- Physics Goals of RHI Programs -
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+ QCD In extreme conditions and scales

< high nuclear and/or energy density frontier
= search for and characterize deconfined partonic phase

+ Bevalac/SIS/AGS/SPS to RHIC/LHC
< high density regime to high energy density regime
< reproduction of universe a few usec after big bang
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+ 2 independent super-conducting rings

+ 3.83 km circumference

+ AGS complex as injector

¢ up to 100 A GeV Au and/or 250 GeV (polarized) p
¢ 6 Intersections; 4 complimentary experiments
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- Ploneering High Energy Nucl. Interaction Exp. -

maximal set of probes and physics channels
= photons/electrons/muons/hadrons
e unigue emphasis on penetrating probes

high quality measurement

< good particle identification

= high resolution

« wide kinematical coverage
access 1o rare processes

< high rate capability

= selective multi-level triggering
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- Lessons from Heavy lon Programs at SPS -

+ combination of signatures essential
< hadrons to probe boundary conditions of dynamics
= photons to trace evolution of system
= |eptons to probe early hot stage of interaction

¢ particular importance to probe early stages

< J/Y “anomalous” suppression
= NA50; Pb+PDb; color Debye screening ?

e Intermediate-mass dimuon enhancement
« NA50: S+U, Pb+Pb: charm enhancement ?

e |[ow-mass dielectron enhancement
= NA45 (CERES); S+Au, Pb+Au; p enhancement/melting ?

A
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- PHENIX Physics Strategies -
[ Signatures of Quark-Gluon Plasma | L 2 VarIOUS SlgnatureS,

Ngorme S v o essentially all time scales
a%i“ } S - initial hard process
Y G0 L = jets, high p, hadrons/photons
Phi-Meson cChiraIly_ Maod Moty .- I:nspin_ «® deconfinement
iy it e = heavy vector mesons
=g _ —AJ¥%e e chiral symmetry restoration
& W & w = light vector mesons, _
N 2660 Ngo Charm disoriented chiral condensation
BT [ 8 o = thermalization
Jl“"tﬁas“";‘gﬁ" }f_ dE; = thermal photons/dileptons,
e - & ¥ open charms/bottoms
NS 07 < 168D it Cas tharmal = hadronization
AL ¢ Twical Lovel = hadron spectra, strangeness,
s HBT interferometry
W < hydro-dynamics

= transverse energy, dN/dy
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- Worldwide Collaboration for Wide Physics -
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- RHIC/PHENIX Run History -

PHENIX Detector - First Year Physics Run PHENIX Detector - Second Year Physics Run PHENIX Detector

N ™
o = S
S = S S
(QN — QN
o o
J!N l!. S 3
run  year species VS
01 2000 Au+Au 130 GeV
02 2001/02 Au+Au 200 GeV
p+p 200 GeV
03 2002/03 d+Au 200 GeV
p+p 200 GeV
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- Collisions as Seen by PHENIX Central Arms -

Au+Au at \sy, =200 GeV  d+Au at sy, = 200 GeV

~ 5000 charged particles produced in a central
Au+Au collision at Vs, = 200 GeV v 3
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- High p, Particles as Probe of Medium -

+ responsible particle production mechanisms
= soft production at low p,

= thermally shaped leading particle
= hard scattering at high p,

= well calibrated probe of medium hadrons (jet) /

= binary collision scaling expected [ 94

+ hard probes of partonic matter « é/ N

= energy loss of scattered partons \ ) 7

= suppression of high p, hadrons/jets //

= modification of angular correlation »7 \ _
= modification of fragmentation hadrons (e

= changes of particle composition
leading particle

R A
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- Nuclear Modification Factor R 5 -
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+ In absence of nuclear effects
= R,z <1 at low p, (soft physics regime)
= R,z =1 at high p, (hard scattering regime)

+ “suppression” (enhancement, e.g. Cronin effect)

- Rii<1i> 1i at hiih ii I |
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- RHIC Year-1 Discovery -
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PRL 88, 022301 (2002)

+ high p, hadron suppression observed in central
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- RHIC Year-2 Improvements -

RHIC at full energy
= Vs, = 200 GeV

higher statistics

= charged and neutral
hadrons to higher p,

reference p+p data

Au+Au—70+X at Vsy,, = 200 GeV
PRL 91, 072301 (2003)
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- Neutral Pion Production at Vs, = 200 GeV -

™
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- Neutral Pion Production in p+p and Au+Au -

reference p+p data
with same detector

_ YieldAuAu/<Nbinary >AuAu
Yield,,

AA

binary scaling In
peripheral Au+Au
suppression factor

~ 5 1n central Au+Au

n0 at Vsy, = 200 GeV

PRL 91, 072301 (2003)
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- Centrality Dependence of High p, Suppression -

1.6
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- Jet Quenching ? -

¢ pi()n Suppression comparison with model calculations
ith and without part I
reprOdUCe_d by T with and without parton energy loss
models with v |
parton energy loss i Levai without parton energy loss

+ other explanations /-
not ruled out '

(at this stage)

Au+Au—7O+X at Vsy, = 200 GeV
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- Origin of Suppression ? -

¢ Initial state effects

= gluon saturation (color glass condensate)
= property of nuclear wave function
= suppression predicted also in p/d+Au

= shadowing
= (Cronin effect)

¢ final state effects

= parton energy loss (jet quenching)
= related to medium density
= No suppression predicted in p/d+Au

= hadronic absorption
= parton recombination

A
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- Other Candidates: Initial State Effects -

+ not related to properties of hot and dense matter

+ several candidates leading to R,, # 1 at high p:

e Cronin effect (1)

L : Cronin effect observed in
= initial state multiple soft

fixed target experiments

scattering 2
= shadowing (1) /).\ (/"LK
= modification of nuclear ) R N R SO
structure functions o | - 14 -
= color glass condensate (1) g- o [ 2020 O Ew400 Go¥
= gluon saturation oc
0 Eip=300 Gev Ew=800 Gev.

00 25 50 75

Pt (GeV)

e
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- Control Experiment: d+Au -

f\ f\ f\
cz\xw 4'%4:0\;@

nucleus+nucleus proton/deuteron+nucleus

+ quantify cold nuclear matter effects

+ distinguish initial and final state effects
= |ess jets created (color glass condensate) or quenched

A
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- Hadron Production in d+Au at Vs, = 200 GeV -
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- Neutral Pion R, -
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impact parameter indep. shadowing

e impact parameter dependent shadowing
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+ No suppression relative to binary scaling
+ data reproduced by NLO pQCD + phenomenology

R\
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- Charged Hadron R, -
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© L i
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+ Cronin type enhancement relative to binary scaling
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- Comparison between Au+Au and d+Au -

< [ e e o

o C
18O N charged hadrons
- C A @ neutral pions d+Au

1.6
1.4F
1.22
1E
0.8F
0.6F
0.4f

Vs = 200 GeV
PRL 91, 072303 (2003)

00 1 2 3 4 5 6 7 8 9 10
pr (GeV/c)

+ NO suppression in d+Au
+ Initial state effects ruled out as explanation \
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- Centrality Dependence of R, ,, and Ry, -
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Au+Au at Vs, = 200 GeV d+Au—h*+X at Vs, = 200 GeV

PHENIX preliminary PHENIX preliminary

clearly different and opposite centrality evolution
final state jet quenching in central Au+Au v \
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- Jet Correlation (STAR Collaboration) -
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- RHIC d+Au Results on PRL -

Articles published week ending
15 AUGUST 2003

Viskemne 91, Number 7

THENIX FlHOs

i o BRAHMS

PHENIX

HE

PHOBOS §1

NN N I O N R
Py Vi)

STAR

e
Ly o Ethenr Dvsdimionsl 1 s Pirohabiisd |'mill s

SAPS et by o Ao it PRL 91 (August, 2003)
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- Where are We ? What is Next ? -

+ quark-gluon plasma discovered ?
= “|t’s a quark-gluon plasma. period.” (M.Gyulassy)
= maybe premature to claim triumph

+ further insights expected via rare processes

= probe of deconfinement
= heavy quark states: J/¥, ¥’

= penetrating probes of medium
= dileptons: ete-, uu-
= direct photons

+ these measurements planned in next Au+Au run

e\
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- Heavy Quark States at RHIC/PHENIX -

promising probe of deconfined partonic phase

SPS NA5OQO observations

= strong suppression of ¥(2S)
= two-step J/¥ behavior due to . and J/¥ dissolution ?

systematic studies required

- elementary production cross o . Xetos2m
section 05 W (0.56 tm) _
- |n|t|a| state SuppreSSion W \KNDebyelengthfrom lattice QCD
(gluon shadowing) S Pomm
= ordinary nuclear absorption i%% Tomm

0:\III‘IIII|IIII‘\Illl\llll\llll\\lll\:

7\
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- Systematic Studies of Heavy Quark States -

¢ baseline p+p/p(d)+A measurements

o Vs, rapidity, p, dependence

< PHENIX central and forward arms
= regions with different energy densities

¢ J/Y¥Y and Y families
e J/¥, ¥(29), Y(1S), Y(25+3S)
¢ reference channels

< continuum (charm, Drell Yan), single leptons (charm),
single photons

+ high statistics analysis
= detailed centrality dependence
= feed down effect, e.g. p+p > y. > /¥ +v

B AT
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- J/Y Measurement Baseline Established -

20 — — <
z — unlike-sign — unlike-sign 2 10, +o- + -
= . like-sign - like-sign > : ‘J/\If e b Ty — p'p
= 15 - ) 1L 3 3
10_!5 ee MIJ' _.i,lo-'l%
x _tc':;-:: ;
o 2( ‘4\
il 2100 ew
[N | | FE | \ AL :'|"- l \"-” - A 103:| \ L [ \ | "\
2 3 4 2 3 4 F 0 2 4 60 2 4 8

Inv. mass (GeV/c 2) Inv. mass (GeV/c 2) pr (GeVic) pr (GeVic)

p+p—J/¥P+X at Vs, = 200 GeV
nucl-ex/0307019: submitted to PRL

clear J/Y¥ signals in both central and forward arms
e expected mass resolutions
< mean transverse momentum:
1.80 £ 0.23 (stat.) £ 0.16 (sys.) GeV/c
< Integrated cross section:
3.99 + 0.61 (stat.) £ 0.58 (sys.) £ 0.40 (abs.) ub/ \
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- J/Y Comparison with Previous Data -

525 =
% 2:_ PHENIX 310- ,
S b © 1— " PHENIX
A C P
51.5_ 101?
Voot i
1r 10°}
5} : 3[ #*__ CEMwith GRVHO
055 —— Fit(p+qln \E) 10 -----CEMmthMRS-A
o | L] L 10'4_u’...| L]
10 10° 10 10°
\[s (GeV) \s (GeV)

p+p—J/¥P+X at Vs, = 200 GeV
nucl-ex/0307019: submitted to PRL

agreement with

= lower Vs data and phenomenological extrapolation
< color evaporation model / \
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- J/Y Measurement So Far -

coll

40-90 % central
0.45 ﬂ N =45

1 20-40 % central
L N_ =296

coll —

- normal nuclear absorption

o per Binary Collision

=)
o
i

0-20 % central SPS NAS50 normalized to p+p point
N Neoy= 779
—1

o
-
(3)]

o
—h

Au+Au—J/¥—>ete at \'s,, = 200 GeV
nucl-ex/0305030; submitted to PRC

e
o
&

Jiy B-dN/dyl

o

0 50 100 150 200 250 300 350
Number of Participants

not much statistics, but
« binary scaling disfavored
e [nconsistent with enhancement scenarios

= e.9. coalescence models / \
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- More Physics via Lepton Channels -

+ open heavy flavor (charm, bottom) production
= high p, lepton, high-mass dilepton, e-u coincidence
= probe of initial state
= good reference to J/Y¥ production

+ light vector mesons (¢, o, p)

= probe of chiral symmetry restoration
= change in mass, width, branching ratio

+ thermal dileptons
= possible mass window at 1-2 GeV
= cf. direct photons

+ variety of hardware/software activities ongoing

A
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- Physics via Photon Channels -

+ photons sensitive to

< initial parton distribution
= initial k,, k, broadening ()
= shadowing, saturation (1)
= final state parton/hadron rescattering
= thermal radiation, jet/parton radiation ( 1)
+ neutral mesons additionally sensitive to

= final state effects, e.g.
= k, broadening ()
= absorption, jet/parton energy loss (¢ )

+ experimental virtues
= photons and neutral mesons measured in same detector
= particle identification to very high p;

+ vital to distinguish initial/final state effects

R S
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- Photon Measurement at SPS -

highly segmented Lead-Glass Calorimeler
{ientificzstion of photons, «0and g -mesons)
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- Direct Photon Observation at Vs, = 17.3 GeV -
0 — SPS WAQ98, central Pb+Phb

. " ot compared to p+A data
5 | e = sscaling
b - = binary collision scaling
I ‘e similar spectral shape
“TTTH -induced reproduced by
=0 I LO pQCD + Intrinsic k;
O +t; factor 2-3 enhancement
1 M In central Pb+Pb
0° — pOCD (' = 17.3 GeV, y=0), Wong et al. m*
oo i

f :9,5 t ks 2 25 3 |3,5 4 :1,5

Transverse Momentum (GeV/c)
Pb+Pb—y+X at Vs, = 17.3 GeV *
WA98 PRL 85, 3595 (2000)
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- pQCD Direct Photon Predictions for RHIC -

+ large direct photon signal expected
= (photons observed) / (photons from hadron decays)
= except if photons also suppressed (initial state effect)

g °F
3 45F 4 p+ppQCD .
Y~  4F
> 45F * p+pscaled to A+A with
3 - factor 5 pion suppression *x
i *
2.55— *
2F B
- * x *
= *
1.5E k¥ ox kK *
pQCD 1B wx*EFx Ak xx KK
p+p—>y+X at sy, =200 GeV g gF
W.Vogelsang Y S T T S A R
0 2 4 6 8 10 12 14
p; (GeV/c)

A
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- Inclusive Photons in Au+Au at RHIC -

E 2 E E 2 =
&> 18|~ PbGl, peripheral .5:" 1.8|-PbGl, central
E 1.6 — ";_ 1.6 ;—
I 14F I 14F
= - ° B
S 1.2 £ 1.2
- » =
o IR T
“« 08f 5. 0.8[
= 06} = 0.6F
0.4 - 0'4:_E T & PQCD +factor 5
- - CIrror band indicaies ion suppression
0.2 AutAu at ys ,, =200 GeV 0.2} 1c systematic error P PP
ok . ] . l " L L ] . - | ; | . | ; | . | ;
0 2 3 4 5 6 % 1 2 3 3 5 6
P (GeV) p; (GeV)
Boxes: 1c systematic error Au+Au—y+X at Vsy, = 200 GeV

PHENIX preliminary

+ no direct photon excess seen within errors
= based on measured neutral pion spectrum

+ systematic error to be reduced in further analysis

R A

August 22,2003 Topicalities in Experimental Search for Hot and Dense Partonic Matter / K.Shigaki 40



- Solid Basis of Direct Photon Measurement -
+ p+p neutral pion spectra

a4 1
. 5 »
to high p,~ 12 GeV/c W
+ good agreement with 5" Bt
NLO pQCD In p+p T — Keeter NLO

= no intrinsic k; included o
1a.?
10"
B
€ o
4%
1 F )
S 2fF k
%‘ 0 ;—%—
i f e !
p+p—nO+X S *F
hep-ex/0304038; submitted to PRL ~ ° E— 5 2 )
pr (GeVic)
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- Direct Photons at LHC -

JG& 10 'I i d 4 8 B AaBd [} I i IIII]J_
Direct yin min bi o s e
- ¥in min bias Pb+Pb {1 spPs o WASE 27 (17 4 AGaY
G Luminosity = 0.5 x 10% === dNMdy~800-1200
> E Sqf't(:S) - 5§ TaV¥ » PHEMNIX = (130 AGaW)
8 i — ANy =2000-3500
= 1oL ¥ BHEMIX =° (200 AGaV)
E 1 W (200 AGeN ) =
a PYTHIA: T dog?® o ERABEn
g 0 e t¥in EMCal —_
T =
3
= o
— pQCD Aurenche 01 |
w03l direct y (= y+jet) :
in ALICE EMCal
108 in a LHC Pb+Pb run [ AusAu ats' =17, 200, 5500 AGeV
0.01 L ] 1 L] L ] L LI L
0 e 2 10 100
: P, [GeV]
Ll L Ll CLy ST e T i
' 20 40 e B0 & M0 10 26 I.V|teV, M'GyUIassy

Transverse Momentumn (GeV/c)

PRL 89, 252301 (2002)

even more powerful probe at LHC
= |arge direct photon rate up to ~ 100 GeV/c

= enhanced direct/decay ratio due to high p, hadron

suppression 4 \y
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- CERN LHC -

¢ next generation relativistic hadron collider
e former LEP tunnel
e 27 km circumference
eupto 2.8 ATeVPDh

+ heavy ion physics goals
= finalize search for QCD

phase transition

= characterize deconfined :
phase of partonic matter ., \...

=GP factory ?
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- LHC Status and Plan -

+ accelerator on its way
 startup in 2007 confirmed in June, 2003, CERN council
e p+p commissioning in April 2007
* heavy ion pilot run by end of 2007

+ wish list as of June 2002

e Initial few years
 regular p+p runs at \s = 14 TeV, L ~ 102° and < 3x1030 cm2s1
e 2 - 3years of Pb+Pb at L ~ 1027 cm?s't
e 1 year of p/d/a+Pb at L ~ 102° cm?s?
= 1 year of light ions at L ~ few 1027 - 10%° cm2st

A
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- LHC Experiments -

4 experiments; only 1 heavy ion dedicated
= dedicated heavy ion experiment: ALICE
= p+p experiment with heavy ion program: CMS
= p+p experiment considering heavy ion: ATLAS
7\
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- ALICE Physics Goals and Strategies -

to cover in single experiment what is by 4 at RHIC

(and by several at SPS and AGS)

= multiplicities; rapidity distributions; flows; particle
spectra and ratios; jet quenching; dlleptons direct
photons; heavy flavors fluctuations; correlations; .

versatility with variety of techniques

= Wwide acceptance and momentum coverage;
accessibility to photons/electrons/muons/hadrons;
excellent granularity; secondary vertex reconstruction
capability; selective triggering; ...

7\
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ALICE Status -

+ In former LEP-L3 site
+ L3 magnet modified
¢ muon magnet coming soon

¢ various detectors in
R&D/testing/production

e\
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- Electro-Magnetic Calorimeter(s) in ALICE -

=

o\

¢ PHOS

= high resolution
= PbWO, crystals

= high granularity
22x22cm?at5m

+ EMCAL (being proposed)

= large solid-angle
e | 7] <0.7, 4¢~ 120 degrees

ISR, \
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- ALICE Photon Spectrometer -

TRIGGER CHAME

ABSORBER

L2 MAGHET

bASH FILTE

PHOS: high-granularity high

= PbWO, crystals

7\

TRACHING CHAMBERS )

resolution photon spectrometer

= | 7] <0.5, 4¢~ 100 degrees
= photons and neutral mesons

= v-jet tagging

50
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- Photon Measurement in ALICE -

without high p, trigger
photon and neutral

3wl Inclusivey Directrnt ] mesons in p, up to
i ~100GeV/c
gL Direct y 4

1OE _ _ |6|u||.|||||rh.| LiL I a

100
Py (GeVic)

with high p, trigger

20 40Q L<ls] Els]

"o E T T T T T T T T T T T T T T T T T E
= F Inclusive y: Direct + rt © ]
S 10— =
"E’i—m";— _;
Sl Direct y §
1Q C §
1Q E ! %
L Mu |
2]
<)
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- PHOS Activities at Hiroshima -

Japanese PbWO, crystals tested as reference
= at Hiroshima-REFER, KEK-PS, Tohoku-LNS
= 2.50 % /E [GeV] @ 1.25 % resolution achieved

avalanche photodiode readout being tested
= works in magnetic field; compact; low power

preamplifiers and shapers under development
= pre-production started

beam test data of PHOS prototype being analyzed
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- PbWO, Performance Tests in Japan -

R.Kohara et al.

| Energy Resolution at Calorimeter |
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- Possibility at RHIC -

PbWO, array at RHIC ?
= no fine granule electro-magnetic calorimeter at RHIC

= simulation under RHIC condition gives 3.2 % mass
resolution for neutral pions

GEANT4 simulation

R.Kohara et al.

3000 —

2000—

PbWO, Photon Spectrometer

coverage: I m><1m

crystal size: 20><20><200 mm3 D T -
array size. 20><50 invariant mass [MeV/c?]
distance from IP: 3m

1 coverage: +0.17 / \
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- Summary and Concluding Remarks -

+ first round of RHIC physics programs completed
= study of QCD in extreme conditions and scales
= especially high energy density frontier

< medium with strong final state effects formed in central
Au+Au collisions
= observed via jet quenching and its absence in d+Au
= can be quark-gluon plasma; not conclusive yet

+ coming high statistics run(s) essential and exciting

= additional probes of medium to be investigated
= pbaseline established for J/'Y measurement
= light vector mesons also noteworthy
= direct photons, unclear at SPS, to soar at RHIC/LHC

+ RHIC presenting rich harvest; LHC getting ready
= even more fruitful physics ahead of us

e A
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